Reported are the design and performance of GaInAs/AlInAs/InP quantum cascade laser sources based on intra-cavity second-harmonic generation providing an output at 2.95 mm wavelength. To produce frequency doubling, devices contain a passive heterostructure tailored for giant optical nonlinearity integrated on top of an active region and patterned for quasi-phase matching. The sources have a threshold current density of 2.2 kA/cm 2 and provide approximately 35 mW of secondharmonic output at room temperature. The second-harmonic conversion efficiency is approximately 75 mW/W 2 .
Introduction: GaInAs/AlInAs quantum cascade lasers (QCLs) have currently demonstrated continuous-wave (CW) operation at room temperature (RT) in the spectral range 3.5-12 mm [1, 2] . Their growth and fabrication process is compatible with telecommunication diode laser production lines which enables volume manufacturing of semiconductor devices. Widely-tunable CW QCL sources have been developed for high-resolution spectroscopy in the 'molecular fingerprint' spectral region (2.5 -15 mm) [3, 4] . The 2.5-3.5 mm portion of the 'molecular fingerprint region' contains a number of molecular absorption lines important for chemical sensing and spectroscopy. However, the operation of GaInAs/AlInAs QCLs at wavelengths below 3.5 mm suffers from inter-valley scattering and the RT operation of these lasers becomes challenging. Recently, an approach for extending the spectral range of room-temperature InGaAs/AlInAs QCLs to wavelengths as short as 2.6 mm using intra-cavity second-harmonic generation (SHG) was demonstrated [5, 6] . Such devices may provide a cost-effective solution for the spectroscopic applications in the 2.5-3.5 mm range. However, the SHG peak power output of devices reported in [5, 6] was smaller than 10 mW and their RT threshold current densities were too high to allow their CW operation even with proper thermal packaging. Here we report SHG QCL sources with improved performance. They provide over 35 mW of peak SHG power output at l ¼ 2.95 mm at RT with threshold current density of 2.2 kA/cm 2 . Low threshold current density implies that these devices can operate in CW at RT when processed into buried heterostructures [7] . , capped with a 1 mmthick InP layer n-doped to 6 × 10 18 cm 23 . After growth, devices were processed into 10 mm-wide 3 mm-long ridge lasers with a 400 mmlong patterned nonlinear section near the front facet (see Fig. 1 ). The back facet was high-reflection (HR) coated. The nonlinear section was patterned into gratings with 40% duty cycle (40% of the NL remains in the grating) and period variable between 23 and 36 mm to provide quasi-phase matching for SHG generation between TM 00 waveguide modes [5] .
Following the formalism of [5] , we can estimate the nonlinear susceptibly x (2) and optical losses a NL in the NL, and calculate the expected waveguide losses and SHG conversion efficiency in our devices. Using the parameters of the nonlinear structure in Fig. 1 and assuming 
(2) ¼ 3.4 × 10 4 pm/V. The loss for the TM 00 laser mode in the waveguide section with the nonlinear grating, a TM00GR is calculated to be a TM00GR (v) ¼ 32.9 cm 21 and a TM00GR (2v) ¼ 9.8 cm 21 for fundamental and SHG frequencies, respectively. TM 00 modal loss at l ¼ 5.9 mm in the laser waveguide section without nonlinearity, a TM00LAS (v), is calculated to be 3.8 cm
21
. The mirror loss in a 3 mm-long device with an HR-coated back facet is calculated to be a m ¼ 2 cm
. The total distributed round-trip loss for a TM 00 laser mode in 3 mm-long devices with a 400 mm nonlinear grating section with 40% duty cycle is then calculated to be a tot (v) ¼ 9.5 cm
, which is 60% higher than the total loss of 5.6 cm 21 in a device of the same length without NL. The QPM grating period is calculated to be L ¼ 2p/Dk ≃ 29 mm with theoretically estimated phase mismatch between TM 00 modes ≃2140 cm
. Experimentally, the highest SHG power output was achieved for the nonlinear section patterned in a 32 mm-period grating. Following the formalism of [5] further, we obtain the effective nonlinear interaction length l eff ≃ 163 mm for a nonlinear grating length of 400 mm, effective area of the beam overlap with NL S eff ≃ 8.8 × 10 4 mm 2 , and SHG internal (i.e. within QCL waveguide, see [5] ) conversion efficiency h int ≃ 0.35 mW/W 2 in our devices.
Results: Light output against current (L-I) measurements were taken at 297 K with a calibrated, thermopile power detector for the fundamental light and a calibrated, liquid nitrogen-cooled InSb photovoltaic detector for the SHG light. The data were corrected for an estimated 35% collection efficiency of our setup. The lasers were operated in pulsed mode with 50 ns current pulse widths at repetition rates of 100 KHz. The L-I for fundamental and SHG output from a device with the nonlinear section, patterned into 32 mm-period grating, and the L-I for the fundamental output of a similarly-sized reference device without the nonlinear section are shown in Fig. 2 . Devices with the nonlinear section have threshold current densities (J th ) no more than 10% above that of devices without nonlinear sections. Theoretically, we expect a J th increase of 60%, owing to the higher total in the devices with nonlinear sections. Smaller-than expected J th increase is likely owing to the optical transition between states 1 and 2 in the NL (see Fig. 1 ) not being fully resonant with the fundamental laser frequency. A similar effect was observed in [5] . This implies that longer nonlinear sections may potentially be used in our devices without producing significant increase in J th . However, since such small increase of J th was not expected, we were limited to 400 mm-long nonlinear sections in our processing run. The laser SHG output displays a record maximum power of 35 mW, over six times that of the devices reported earlier [5, 6] . The value of J th ≃ 2.2 kA/cm 2 in our emitters indicates that these devices can operate in CW at RT when processed into buried heterostructures [7] . The SHG conversion efficiency is measured to be approximately 75 mW/W 2 , over a factor of 30 lower than expected theoretically. The discrepancy with the theoretical estimate is likely owing to the optical transitions in the nonlinear section not being resonant with the fundamental and the SHG frequencies. The latter can be ascribed to the increased inaccuracy of simulations when dealing with radiation from measured higher energy states in strained quantum wells. The RT emission spectra for SHG and the fundamental our devices are shown in Fig. 2 . The laser emits around 2.95 mm for the SHG light and 5.9 mm for fundamental light. The spectra were using a Fourier-transform infrared spectrometer in rapid-scan mode. 
Conclusion:
We have demonstrated GaInAs/AlInAs/InP QCL sources based on intra-cavity SHG operating at l ¼ 2.95 mm and producing up to 35 mW of SHG power output at RT. These devices have low RT threshold current density of 2.2 kA/cm 2 . To improve SHG power output in our devices further, we plan to improve the design of the nonlinear sections to better match intersubband transition energies with fundamental and SHG photon energies and use longer nonlinear sections. These improvements are expected to lead to SHG conversion efficiencies of over 2 mW/W 2 in fully-optimised devices [5] .
